It is common clinical experience that anxiety about pain can exacerbate the pain sensation. Using event-related functional magnetic resonance imaging (FMRI), we compared activation responses to noxious thermal stimulation while perceived pain intensity was manipulated by changes in either physical intensity or induced anxiety. One visual signal, which reliably predicted noxious stimulation of moderate intensity, came to evoke low anxiety about the impending pain. Another visual signal was followed by the same, moderate-intensity stimulation on most of the trials, but occasionally by discriminably stronger noxious stimuli, and came to evoke higher anxiety. We found that the entorhinal cortex of the hippocampal formation responded differentially to identical noxious stimuli, dependent on whether the perceived pain intensity was enhanced by pain-relevant anxiety. During this emotional pain modulation, entorhinal responses predicted activity in closely connected, affective (perigenual cingulate), and intensity coding (midinsula) areas. Our finding suggests that accurate preparatory information during medical and dental procedures alleviates pain by disengaging the hippocampus. It supports the proposal that during anxiety, the hippocampal formation amplifies aversive events to prime behavioral responses that are adaptive to the worst possible outcome.
It is common clinical experience that anxiety about pain can exacerbate the pain sensation. Using event-related functional magnetic resonance imaging (FMRI), we compared activation responses to noxious thermal stimulation while perceived pain intensity was manipulated by changes in either physical intensity or induced anxiety. One visual signal, which reliably predicted noxious stimulation of moderate intensity, came to evoke low anxiety about the impending pain. Another visual signal was followed by the same, moderate-intensity stimulation on most of the trials, but occasionally by discriminably stronger noxious stimuli, and came to evoke higher anxiety. We found that the entorhinal cortex of the hippocampal formation responded differentially to identical noxious stimuli, dependent on whether the perceived pain intensity was enhanced by pain-relevant anxiety. During this emotional pain modulation, entorhinal responses predicted activity in closely connected, affective (perigenual cingulate), and intensity coding (midinsula) areas. Our finding suggests that accurate preparatory information during medical and dental procedures alleviates pain by disengaging the hippocampus. It supports the proposal that during anxiety, the hippocampal formation amplifies aversive events to prime behavioral responses that are adaptive to the worst possible outcome.
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The positive relationship between anxiety and pain is a common experience in clinical settings (Sternbach, 1968; Melzack, 1973; Grachev et al., 2001) . For example, anxiety levels have been shown to predict pain severity and pain behavior in acute and chronic pain patients (Kain et al., 2000; van den Hout et al., 2001) , and anxiety reduction techniques and anxiolytic drugs have been reported to be successful in ameliorating pain associated with medical procedures (Suls and Wan, 1989; Dellemijn and Fields, 1994) . Experimental studies have confirmed the enhancing effect of anxiety on pain for different components and measures of pain, e.g., ratings of pain intensity (Al Absi and Rokke, 1991) and unpleasantness (Weisenberg et al., 1984) , pain threshold (Rhudy and Meagher, 2000) , and pain discrimination (Schumacher and Velden, 1984) . Anxiolytic drugs reverse the experimental effect (Gracely et al., 1978; Janssen and Arntz, 1999) .
Functional neuroimaging studies have greatly advanced our understanding of the neural mechanisms mediating the emotional consequences of tissue stress (Rainville et al., 1997; Tölle et al., 1999; Casey et al., 2001) . In contrast, little is known about the human forebrain mechanisms underlying the reverse causality, i.e., the pathways whereby emotions, particularly anxiety, can enhance pain sensitivity. In a previous study, we used functional magnetic resonance imaging (FMRI) to reveal distinct neural substrates for pain and its anticipation (Ploghaus et al., 1999) . However, this and related experiments (Reiman et al., 1989; Hsieh et al., 1999; Sawamoto et al., 2000; Naliboff et al., 2001) did not assess the effect of anticipation on pain perception. The study by Ploghaus et al. (2000) , the first neuroimaging study to demonstrate that brain responses to surprising events are predicted by formal associative learning theory, was designed to exclude the modulatory effect of anxiety on pain. Emotional pain modulation has been studied extensively in experimental animals (Fanselow, 1985; Maier, 1986; Helmstetter, 1992) , but there is currently no animal model of anxiety-induced hyperalgesia.
The present study examined the neural mechanism by which anxiety causes hyperalgesia and contrasted it with the process by which enhanced nociceptive stimulation increases pain. We used event-related FMRI (Davis et al., 1998a) , and we adapted a differential Pavlovian delay conditioning task to the withinsubject within-session requirements of FMRI. In the task, one visual signal was always followed by the same, lower-temperature nociceptive stimulation (LT) to the left hand. This signal came to evoke low anxiety about the impending pain. Another visual signal was followed by LT on most of the trials, but occasionally by a higher-temperature noxious stimulus (HT). This signal came to evoke higher anxiety. We obtained anxiety and pain ratings for each trial. This task allowed us to assess whether pain ratings and localized brain responses to physically identical noxious stimuli vary as a function of pain-relevant anxiety levels. We hypothesized that anxiety-induced hyperalgesia is associated with activity in a subset of the brain regions that respond to experimental nociceptive stimulation (for review, see Casey, 1999; Gelnar et al., 1999; Treede et al., 1999; Davis, 2000; Peyron et al., 2000) .
MATERIALS AND METHODS
Subjects and neuroimag ing. Eight healthy, right-handed male volunteers with ages ranging from 22 to 40 years participated in the study. All subjects gave informed consent, and the study was approved by the Oxfordshire Committee for Research Ethics. Data were acquired on a 3T whole-body scanner (Siemens, Erlangen, Germany) with a quadrature birdcage head coil. Head movements were restrained with foam pads. In each of 21 contiguous planes, 579 blood-oxygenation level-dependent (BOLD) images were acquired continuously by using multishot echoplanar imaging (EPI) with TE of 30 msec, TR of 3 sec, flip angle of 90°, in-plane resolution of 3.5 mm, slice thickness of 8 mm, and no slice gap. Slices were prescribed in coronal orientation perpendicular to the anterior commissure -posterior commissure (AC -PC) line and covered the entire brain volume . Structural images were obtained with a standard T1-weighted pulse sequence.
Psycholog ical task . Thermal stimuli were applied to the dorsum of the left hand with a 1.5 ϫ 2 cm thermal resistor designed and built in-house. Visual stimuli (square, triangle, circle) were presented using prism glasses and a back projection screen at feet level outside the scanner. Subjects were presented with thermal stimuli of different temperatures and 6 sec duration throughout scanner setup and were asked to rate their intensity using a five-button box at their right hand as soon as a five-point Likert scale (5 ϭ "extreme pain") was shown. In this study, we used a sensory scale (pain intensity) rather than an emotive one (pain unpleasantness) because a sensory measure is less prone to bias by the concomitant emotional state of anxiety (Gross and Collins, 1981) . The scale was presented for a period of 6 sec, starting 12 sec after the offset of the thermal stimulus. It was explained that the rating concerned the sensory intensity, not the unpleasantness of pain (Price, 1988) . A temperature rated as "moderate pain" in an adaptive sequence (Gracely and Naliboff, 1996) and confirmed on two retest trials, one of which included an EPI noise sample, was used as the LT. The temperature established for LT was increased by 2.5°C to obtain an HT. This substantial increase was chosen to ensure clear discrimination between HT and all other painf ul stimulations. HT was only presented during the experiment itself.
The experimental paradigm (Fig. 1 ) used delay-conditioning contiguities. In conditioning studies, subjects learn causal relations between stimuli by experience, so instructions are limited to necessary information about the constituent stimuli and required responses. Subjects were instructed that they would see shapes on the screen and would receive heat bursts to the back of the left hand. They were asked to figure out the significance of the shapes and rate pain intensity as practiced during thresholding. E xperimental conditions were applied in a pseudorandom sequence within a single imaging session for each subject to avoid confounding effects of repetitive noxious heat stimulation, as revealed by C asey et al. (2001) . One visual signal was always followed by the LT. This signal came to evoke low anxiety (L A) about the impending pain. The second visual signal was followed by LT on all but two trials (trials 2 and 4), when it was followed by the higher-temperature pain stimulus (HT). This signal came to elicit higher anxiety (HA) about the impending pain.
On additional trials, a third signal was presented alone or in compound with HA or L A and was not followed by thermal stimulation. These trials are irrelevant in the present context but can be used to study the neural substrate of a different process, Pavlovian conditioned inhibition. A crossed design would have included a condition HT/ L A, but this is impossible because a signal predicting strong noxious stimulation cannot evoke low anxiety. The delay between signal onset and onset of thermal stimulation (C S -US interval) was pseudorandomized with a mean of 10.4 sec (range, 6 -15 sec) to optimize aversive conditioning and minimize inhibition of delay. The intertrial interval was also pseudorandomized with a mean of 58 sec (range, 36 -72 sec) to prevent overshadowing of the signals by temporal cues. After each trial, subjects rated the perceived pain intensity in exactly the same way as practiced during thresholding. The 12 sec delay between trial offset and scale onset was chosen to allow for clear separation of trial-and rating-related hemodynamic responses. Heart rate was recorded from the left index finger throughout the experiment using an MR-compatible pulse oximeter (MR Equipment Corp., Bay Shore, N Y).
The experiment was also performed in a separate group of nine subjects outside the scanner. The difference was that this group was instructed to rate anxiety about the impending painf ul stimulus on a five-point Likert scale (5 ϭ "extreme anxiety about impending pain") after the onset of each visual signal, but before the onset of thermal stimulation, using the five-button box. It is important to obtain anxiety and pain ratings in separate groups of subjects, because conscious selfassessment of both processes in the same subject can lead to a hypothesis-driven correlation artifact (Gross and Collins, 1981) .
Cardiac data anal ysis. Heart rate responses during aversive signals consist of a series of f unctionally distinct components (Obrist, 1981) . Because the present study used a range of C S -US intervals (6 -15 sec), only the initial 6 sec of every signal presentation contain f unctionally equivalent heart rate components. Accordingly, cardiac data analysis was restricted to this initial interval. Heart rates were converted into percentage of signal change relative to baseline before signal onset.
Event-related FMR I data anal ysis. The image analysis package F EAT [C entre for Functional Magnetic Resonance Imaging of the Brain (FM-RI B), University of Oxford, UK ; w w w.fmrib.ox.ac.uk /fsl] was used for all data processing except motion correction, which was performed using SPM99 (Wellcome Department of Cognitive Neurology, L ondon, UK). The initial four scans of each data set were discarded because of nonequilibrium magnetization, and independent component analysis was applied to detect and remove artifacts from the FMRI time series (Beckmann et al., 2000; Brown et al., 2001) . The data were specifically examined for medial temporal lobe susceptibility artifacts by looking at the animated residual time series (Büchel et al., 1998) . This procedure revealed no event-related changes in susceptibility. Head motion was corrected, and the data were smoothed in the spatial domain with a three-dimensional 8 mm (f ull width at half maximum) isotropic Gaussian kernel. All volumes were scaled by a single factor to obtain the same grand mean across subjects, and the data were filtered in the temporal domain using a nonlinear high-pass filter with a cutoff period of 150 sec.
Statistical analysis was based on a least-squares estimation using a general linear model approach (Friston et al., 1995) with nonparametric local autocorrelation correction implemented in FIL M (FMRI B, University of Oxford; Woolrich et al., 2000) . Boxcar reference f unctions modeling separately all task components (types of visual signals, types of conditional pain stimuli) as main effects as well as interactions with time were convolved with a ␥-variate model of the hemodynamic response (Cohen, 1997) and its first derivative with respect to time (Josephs et al., 1997) . Visual and pain stimuli constituting the first presentation of each Figure 1 . Relevant experimental conditions. Visual signals predicted painful heat stimulation to the back of the left hand. Painful stimulation was delivered either at a lower (LT ) or at a discriminably higher (HT ) temperature. One visual signal (here: triangle) was consistently followed by LT and came to evoke low anxiety (LA). Another signal (here: square) was followed by LT on most of the trials, but occasionally by HT, and came to evoke higher anxiety (HA). We studied anxiety-induced increases in perceived pain intensity by comparing brain responses to pain in conditions LT/HA and LT/LA. We also assessed temperature-induced increases in perceived pain intensity by comparing brain responses to pain in conditions HT/HA and LT/HA. trial type were entered separately as regressors of no interest, because their neural representations had not been modified by experience of the experimental contingencies. Linear contrasts between parameter estimates for conditions LT/ HA and LT/ L A, as well as HT/ HA and LT/ HA, resulted in mean difference images for each subject. These images were warped into Talairach and Tournoux (1988) stereotaxic space using transformations generated by the two-level, 12-parameter affine registration method implemented in FLIRT (FMRI B, University of Oxford; Jenkinson and Smith, 2001) .
Our hypothesis specified our region of interest (ROI) as the pain matrix, and activations were considered to satisf y this criterion if their Talairach coordinates were located in one of the component structures of the pain matrix as tabulated in Peyron et al. (2000) . T wo SPM thresholding conventions for ROI-based fixed-effects analysis have evolved, (1) p ϭ 0.001, uncorrected (Elliott et al., 2000) , and (2) p ϭ 0.05, corrected for multiple comparisons given the ROI and the smoothness of the underlying Z statistic image (Büchel et al., 1999) . We adopted method (1), but also report in Table 1 the Z thresholds derived by method (2), where the ROI was defined by an average pain activation obtained from an independent data set (Ploghaus et al., 2000) . All activations reported here are revealed by both methods. Event-related FMRI is insensitive to stimulus-induced motion (Birn et al., 1999 ), but we also directly examined the response peak latencies of significant activations. The earliest response peaks were found ϳ7 sec after pain onset, which renders stimulus-correlated motion unlikely (Birn et al., 1999) .
We also examined the potential input-output pathways of regions activated during anxiety-induced pain modulation. For this purpose, we set individual subjects' FMRI signal values for the activated region to the time course average except for the time points associated with the response to LT/ HA and LT/ L A (see Fig. 4 B) , normalized the f unction, and correlated it with the FMRI time course at every other voxel.
RESULTS

Behavioral results
Ratings of pain-related anxiety before the onset of LT were significantly higher for HA than LA (Wilcoxon signed rank test, two-tailed, Z ϭ 2.67; p Ͻ 0.05). Anxiety scores were 3.73 Ϯ 1.11 (mean Ϯ SD) and 2.28 Ϯ 0.91 for HA and LA, respectively (Fig.  2 A) . Heart rate (Fig. 2 B) was significantly higher during presentation of LA than HA (Wilcoxon signed rank test, two-tailed, Z ϭ 2.29; p Ͻ 0.05). Presentation of LA resulted in heart rate acceleration relative to baseline (percentage of change, 2.05 Ϯ 4.38), whereas heart rate deceleration was found during presentation of HA (percentage of change, Ϫ0.35 Ϯ 4.58). The painful stimulus LT was rated as significantly more intense when signaled by HA than LA (Wilcoxon signed rank test, two-tailed, Z ϭ 2.37; p Ͻ 0.05). Scores of perceived pain intensity were 1.95 Ϯ 0.79 and 2.33 Ϯ 0.88 for LT/LA and LT/HA, respectively (Fig. 2C) . Ratings of pain intensity were significantly higher during presentation of HT/HA (3.19 Ϯ 0.54) than LT/HA (Wilcoxon signed rank test, two-tailed, Z ϭ 2.52; p Ͻ 0.05).
Ratings of anxiety elicited by signals HA and LA were tested for linear and quadratic trends over time using repeated measures ANOVA. Anxiety associated with LA did not change after the first LA trial, and anxiety associated with HA did not change after the second HA trial. Therefore, within-subject variability in pain ratings and BOLD responses after these trials cannot be accounted for by changes in anxiety, and hence forms part of the error variance. Postexperimental interview confirmed clear intensity discrimination in all subjects of the two HT/HA trials and the other trials involving HA, thus precluding the possibility that the higher pain intensity rating of LT/HA relative to LT/LA was simply because of generalization from HT/HA.
FMRI results
Conditions HT/HA and LT/HA were equated for anxiety and differed in the intensity of thermal stimulation, whereas conditions LT/HA and LT/LA were equated for stimulation intensity and differed in pain-related anxiety. Thus, we compared hemodynamic responses to pain in conditions HT/HA and LT/HA to reveal regional activation associated with temperature-related changes in perceived pain intensity. Crucially, we also compared hemodynamic responses to pain in conditions LT/HA and LT/LA to reveal regional activation associated with anxietyrelated changes in perceived pain intensity.
Temperature-induced pain modulation
Comparison of conditions HT/HA and LT/HA revealed bilateral activation in primary somatosensory-motor cortex (SI-MI), midcingulate cortex, orbitofrontal cortex, thalamus, hippocampus proper, and posterior insula around the superior marginal sulcus (Fig. 3A) . Talairach coordinates and Z values associated with these activations are shown in Table 1 . Hippocampal time courses of FMRI signal for this contrast are shown in Figure 4 A. These findings are consistent with the results of neuroimaging studies correlating brain activation with perceived pain intensity (Derbyshire et al., 1997; Porro et al., 1998; Coghill et al., 1999 Coghill et al., , 2001 ) and demonstrations of orbitofrontal activity during pain (for review, see Petrovic et al., 2000) and abstract punishment (O'Doherty et al., 2001 ).
Anxiety-induced pain modulation
Comparison of conditions LT/HA and LT/LA revealed significant activation in the left parahippocampal gyrus (Fig. 3B , Table  1 ). MR volumetric analysis showed that the activation area corresponded to the entorhinal cortex of the hippocampal formation (Insausti et al., 1998) . Time courses of FMRI signal in the left entorhinal cortex (Fig. 4 B) revealed a positive hemodynamic response in condition LT/HA and a negative hemodynamic response in condition LT/LA. However, the left entorhinal activation found in comparison LT/HA versus LT/LA cannot be accounted for by deactivation in condition LT/LA because the region also activated significantly in the comparison LT/HA versus baseline (maximum Z ϭ 3.96, mean Z ϭ 3.40, p Ͻ 0.001). The right entorhinal cortex showed similar, but smaller responses (Fig. 4 B) .
There was a trend toward a positive association between individual subjects' mean difference in pain ratings between condition LT/HA and LT/LA, and their mean difference in entorhinal hemodynamic responses (average of volumes 3-5 after pain onset) in these conditions (Pearson r ϭ 0.59, p ϭ 0.058). A correlation analysis was performed to obtain some preliminary evidence of the afferent or efferent pathways involved. Individual subjects' time courses of FMRI signal in the entorhinal cortex during conditions LT/HA and LT/LA correlated significantly with time courses in the perigenual cingulate and in the midinsula around the inferior marginal sulcus (Fig. 3C, Table 1) .
DISCUSSION
The present study shows that pain-related anxiety can increase perceived pain intensity. Event-related FMRI revealed that pain modulation by anxiety is associated with activation changes in the entorhinal cortex of the hippocampal formation. The entorhinal hemodynamic response was significant both relative to a lowanxiety control condition and relative to baseline, and was predictive of activity in the perigenual cingulate and mid-insula. Pain modulation by temperature also activated the hippocampal formation, but the hemodynamic response originated in the more dorsal region of the hippocampus proper.
Pain processing in the hippocampal formation Melzack and Casey (1968) proposed that the hippocampus and associated cortices participate in mediating the aversive drive and affect characteristic of pain. Subsequent studies confirmed a hippocampal role in pain processing (Lathe, 2001 ) using extracellular recordings (Zheng and Khanna, 1999) , intracellular recordings (Wei et al., 2000) , hippocampal EEG (Archer and Roth, 1997) , in vivo microdialysis (Ceccarelli et al., 1999) , immediateearly gene expression (Pearse et al., 2001 ), long-term potentiation (Wei et al., 2000) , and functional neuroimaging (Hsieh et al., 1995; Derbyshire et al., 1997; Becerra et al., 1999; Casey, 1999; Peyron et al., 1999; Schneider et al., 2001 ). Wei et al. (2000) demonstrated that the amplitude of EPSPs in hippocampal CA1 pyramidal cells is positively related to the intensity of nociceptive stimulation. This is consistent with our observation that hippocampus proper activity varies as a function of the physical intensity of noxious stimulation.
The aforementioned studies cannot rule out the possibility that hippocampal activation during pain signifies processes that are not pain-specific, e.g., memory encoding and retrieval or contextual conditioning. However, stimulation and lesion studies confirm that pain processing is a primary function of the hippocampus. Prado and Roberts (1985) showed that the dorsal hippocampus is one of the two brain regions where electrical stimulation alters nociception, but where, crucially, the electrical stimulation itself is not perceived as aversive. Sinha et al. (1999) found that stimulation of the hippocampus disrupts the jawopening reflex evoked by phasic tooth pulp pain. McKenna and Melzack (1992) demonstrated that injection of the local anesthetic lidocaine into the dentate gyrus reduces pain sensitivity in rats. Interestingly, the amnesic patient H.M., who underwent bilateral hippocampectomy to alleviate severe epilepsy, had marked impairments in pain perception (Hebben et al., 1985) .
Neuropharmacological findings single out the entorhinal cortex as one possible source of pain modulation in the hippocampal formation (Hurd, 1996; Fiore et al., 1999) . In particular, there appears to be an association between unconditioned pain modulation and expression of the immediate-early gene c-fos in the entorhinal cortex. Pain of moderate intensity leads to hyperalgesia (King et al., 1996) and increased entorhinal c-fos expression (Funahashi et al., 1999) , whereas strong pain leads to hypoalgesia (King et al., 1996) and decreased entorhinal c-fos expression (Funahashi et al., 1999) . Our finding provides an experimental demonstration of the apparent association between entorhinal activity and pain modulation and shows that the entorhinal cortex mediates not only unconditioned, but also conditioned hyperalgesia. The left entorhinal cortex showed a stronger response than the right one, which is consistent with the preferential engagement of left medial temporal lobe structures during explicit conditioning tasks Chun and Phelps, 1999) .
Entorhinal interactions with cingulate and insula
Our preliminary evidence of entorhinal interactions with the perigenual cingulate and mid-insula is consistent with direct projections between these regions. Generally, the pattern of cortical connectivity of the entorhinal cortex resembles that of the amygdala (Van Hoesen, 1995) . The entorhinal cortex maintains a substantial reciprocal connection with the perigenual cingulate, which is much stronger than its connection with the midcingulate (Insausti et al., 1987; Amaral and Insausti, 1990) . Within the insular region, the entorhinal cortex projects most heavily to the parainsular cortex (Insausti et al., 1987) , which forms part of the activation area we identified in the mid-insula. The mid-insula, in turn, has stronger connections with the perigenual cingulate than the anterior insula (Vogt et al., 1996) .
The perigenual cingulate has been termed the affective subdivision of the anterior cingulate cortex (Devinsky et al., 1995; Bush et al., 2000) and has a demonstrated role in anxiety. It is activated by aversive conditioned stimuli (Büchel et al., 1999; Ploghaus et al., 1999) , and lesions attenuate endocrine and autonomic (Devinsky et al., 1995) as well as avoidance (Johansen et al., 2001) responses to such stimuli. The perigenual cingulate also responds to symptom provocation in patients with anxiety disorders (Rauch et al., 1995) . The correlated activity we observed in this region during pain modulation by anxiety may therefore reflect the changes in anxiety itself.
The mid-posterior insula mediates thermosensitivity (Craig et al., 2000) , e.g., the sensory dimension of thermal pain (Peyron et al., 1999; Hofbauer et al., 2001 ). The present study found that objective increases in noxious thermal stimulation activated the posterior insula, whereas correlated activity during anxietyinduced pain modulation occurred in the mid-insula. Perceptual modulation of an innocuous stimulus by uncertain expectation of pain activates the posterior insula (Sawamoto et al., 2000) . Painful stimulation activates both areas (Craig et al., 1996; Davis et al., 1998b; Iadarola et al., 1998; Treede et al., 2000) as a function of perceived pain intensity (Derbyshire et al., 1997; Coghill et al., 1999 Coghill et al., , 2001 Casey et al., 2001) . Our finding may therefore suggest that the entorhinal cortex mediates anxiety-induced hyperalgesia by influencing intensity coding in the mid-insula. This would be consistent with the Gray-McNaughton theory of hippocampal function, which predicts that during anxiety, the hippocampal formation increases pain by sending amplifying signals to the neural representation of the pain stimulus.
Gray-McNaughton theory and pain modulation
The Gray-McNaughton theory (Gray and McNaughton, 2000) proposes that the hippocampal formation responds to aversive events (e.g., pain) whenever they form part of a behavioral conflict. It resolves the conflict by sending amplification signals to the neural representation of the aversive event, thereby biasing the organism toward a behavior that is adaptive to the worst possible outcome. This process is accompanied by anxiety. A role for the entorhinal cortex in detecting conflict has also been proposed in memory models of the hippocampus (Lavenex and Amaral, 2000; Witter et al., 2000) .
Applied to the present experiment, behavioral conflict may arise in condition LT/HA because signal HA is not a reliable predictor of pain intensity. Therefore, without intervention of the hippocampal formation, responses adaptive to different levels of pain would compete until asymptotic pain intensity becomes clear (at pain offset at the latest). The hippocampus may resolve this conflict earlier by amplifying pain intensity, thereby giving priority to responses adaptive to the more intense pain, HT. Signal LA, in contrast, reliably predicts asymptotic pain intensity so that no behavioral conflict arises. The Gray-McNaughton theory therefore predicts that during LT/HA relative to LT/LA, there should be (1) higher anxiety, (2) stronger pain, and increased activity in (3) the hippocampal formation and (4) neural representations of pain and anxiety. We found supporting evidence for the first three predictions, and preliminary evidence consistent with prediction (4).
Behavioral studies have established that during medical and dental procedures, pain is alleviated by accurate preparatory information or, in other words, by reliable prediction (for review, see Miller, 1981; Suls and Wan, 1989) . Our finding suggests that this intervention is effective by disengaging the hippocampal formation. Heart rate changes observed in the present study may support this interpretation. Subjects showed heart rate decreases during HA and increases during LA. The defense cascade model (Lang et al., 2000) suggests that with decreasing defensive distance (i.e., increasing certainty about the impending aversive event), heart rate first decreases, and then increases relative to baseline. Similarly, Obrist (1981) reports that behavioral conflict leads to cardiodeceleration, whereas reliable prediction of an aversive outcome results in cardioacceleration.
Anxiety has been defined as ". . . apprehension, tension, or uneasiness that stems from the anticipation of danger. The manifestations of anxiety . . . include motor tension, autonomic hyperactivity, apprehensive expectation, and vigilance and scanning. . . " (American Psychiatric Association, 1987, p. 392) . Thus, anxiety is defined by the shaping of cognitive and other processes toward detecting and eliminating threat (Keogh et al., 2001) , and therefore provides a more specific explanation of our results than its component processes in their general form (e.g., "expectation"). In addition, the hypoalgesic effect of anxiolytic drugs makes it appear unlikely that, in the present study, any of the component processes make an important hyperalgesic contribution independently of the state of anxiety.
Conclusion
The present study showed that anxiety-induced hyperalgesia is associated with activation in the entorhinal cortex of the hippocampal formation. This is consistent with the Gray-McNaughton theory, which proposes that during anxiety, the hippocampal formation increases the valence of aversive events to prime behavioral responses adaptive to the worst possible outcome. Our observation helps to interpret anatomical, neuropharmacological, and electrophysiological evidence implicating the hippocampal formation in pain modulation. Our finding suggests that accurate preparatory information during medical and dental procedures alleviates pain by disengaging the hippocampal formation. Searching for interventions to specifically modulate hippocampal activation offers an approach to identifying new treatments for procedural pain and some forms of chronic pain.
